The risk of developing ovarian cancer is about 1% over a lifetime, but it is the most deadly gynecologic cancer, in part due to lack of diagnostic markers for early-stage disease and cell model system for studying early neoplastic changes. Most existing immortal human ovarian surface epithelial cells were achieved by using viral protein such as SV40 T/t antigen or E6/E7, which inactivate multiple cellular pathways. In the current study, we used a small interfering RNA (siRNA) against the retinoblastoma gene (pRb) and ectopic expression of human telomerase reverse transcriptase (hTERT) to immortalize the primary ovarian epithelial cell line OSE137 and two additional human ovarian surface epithelial cells. The immortalized OSE137 showed increased telomerase activity, lengthened telomeres, increased G 2 /M phase, altered cell-cycle regulatory proteins but nontumorigenic. As both Rb and hTERT pathways are commonly altered in human ovarian cancer and these genetic changes are faithfully modeled in these cells without using viral protein, these immortal cells represent an authentic in vitro model system with which to study the initiation and progression of human ovarian cancer.
The risk of developing ovarian cancer is about 1% over a lifetime, but it is the most deadly gynecologic cancer, in part due to lack of diagnostic markers for early-stage disease and cell model system for studying early neoplastic changes. Most existing immortal human ovarian surface epithelial cells were achieved by using viral protein such as SV40 T/t antigen or E6/E7, which inactivate multiple cellular pathways. In the current study, we used a small interfering RNA (siRNA) against the retinoblastoma gene (pRb) and ectopic expression of human telomerase reverse transcriptase (hTERT) to immortalize the primary ovarian epithelial cell line OSE137 and two additional human ovarian surface epithelial cells. The immortalized OSE137 showed increased telomerase activity, lengthened telomeres, increased G 2 /M phase, altered cell-cycle regulatory proteins but nontumorigenic. As both Rb and hTERT pathways are commonly altered in human ovarian cancer and these genetic changes are faithfully modeled in these cells without using viral protein, these immortal cells represent an authentic in vitro model system with which to study the initiation and progression of human ovarian cancer. Oncogene (2007 Oncogene ( ) 26, 1492 Oncogene ( -1498 Oncogene ( . doi:10.1038 published online 4 September 2006 Keywords: human ovarian surface epithelial cells; immortalization; siRNA; pRb; hTERT Ovarian cancer is the most fatal gynecologic malignancy (Sankaranarayanan and Ferlay, 2006) . The vast majority of ovarian tumors arise from the malignant transformation of ovarian surface epithelium, which displays a variety of Mu¨llerian-type cells, including serous, mucinous, endometrioid and clear cell, with a common pathway in embryologic development. Ovarian cancer develops in a multistep process that involves alterations of multiple pathways, including p16 INK4A , p21 Waf1/Cip1 , p27, cyclin D1, p53 and pRb (Kusume et al., 1999; Ferrandina et al., 2000; Prowse et al., 2003; Ozols et al., 2004; Kauff et al., 2005; Rosen et al., 2005) . Our understanding of ovarian cancer is hampered by lack of human cell model system for studying early neoplastic changes (Vasey, 2003; Tammela and Odunsi, 2004) . Establishing immortal human cell models from ovarian surface epithelial cells will provide much-needed system to investigate the cellular and molecular mechanisms in the initiation of ovarian cancer.
Small interfering (si)RNAs-mediated RNA interference, the process by which double-stranded RNA silences homologous genes, is powerful tool to silence the expression of mammalian genes (Bantounas et al., 2004; Zou and Yoder, 2005) . Alterations in Rb pathway are common in ovarian tumors (Band, 1998; Aprelikova et al., 1999; Kusume et al., 1999; Terasawa et al., 1999; Hashiguchi et al., 2001 ). Thus, we tested the role of retinoblastoma protein (pRb) in the immortalization of primary ovarian epithelial cells by using a siRNA against pRb (Figure 1a ). We first tested the efficiency of siRNA in the breast cancer cell line MCF-7, which expresses the wild-type pRb. Immunoblotting showed that MCF-7 cells stably expressing the siRNA against Rb expressed much less pRb than did the parental or U6 vector-infected control cells (Figure 1b) . In quantification, 92.5% pRb protein expression was reduced by pRb siRNA in silenced MCF-7 cells compared with parental or U6 control cells. Next, we introduced the siRNA against Rb and catalytic subunit of human telomerase reverse transcriptase (hTERT) into OSE137 cells, which were isolated from a 59-year's patient whose ovary was removed together with uterine leiomyomas, by retrovirus infection and selected the cell populations that were resistant to puromycin (for pRb siRNA) and hygromycin (for hTERT). The parental cells displayed typical senescent morphology that was verified by bgalactosidase activity staining at passage 6 (Figure 2b ). Both parental and U6 vector-infected control cells had a limited lifespan of fewer than 10 passages (Figure 2e ). The cells expressing pRb siRNA had an extended lifespan and can grow five more passages, but finally became senescent without further proliferation (Figures 2e) . By contrast, the cells expressing both siRNA against Rb and hTERT continuously exhibited vigorous growth (Figure 2d and e), even after 50 passages. This immortalization procedure is reproducible, with which we have successfully immortalized two additional human ovarian surface epithelial lines. Figure 2f and g show that OSE 103 and OSE151 were also immortalized by combined pRbi and hTERT.
To validate whether the cells maintained their epithelial attributes after introduction of the siRNA and hTERT, we stained the cells with cytokeratin antibody. The immortal cells at passage 50 still kept their epithelial characteristics with strong expression of cytokeratin as compared with parental cells (Figure 3a and b). As ovarian surface epithelial cells are usually positive with vimentin, we also stained the cells with antibody against vimentin, and the result showed that both parental and immortal cells expressed vimentin Figure 2 Morphologic features of human ovarian surface epithelial cells. All cells were cultured using a 1:1 mixture of MCDB105 and M199 supplemented with 10% fetal bovine serum (FBS) and epidermal growth factor (EGF, 20 ng/ml) (Lenferink et al., 2000) . (a) OSE 137 parental cells at passage 2. (b) Senescence-associated acidic b-galactosidase (SA-b-gal) activity staining at passage 6 of OSE 137 cells. Cells were fixed with a buffer (2% formaldehyde and 0.2% glutaraldehyde in phosphate-buffered saline) for 4 min at room temperature, and then incubated with citric acid/sodium phosphate (pH 6.0) buffer (0.15 M NaCl, 0.02 M MgCl 2 , 1 mg/ml X-gal, 0.005 M potassium ferricyanide, 0.005 M potassium ferrocyanide, and 0.0016 M citric acid) for 2-5 h at 371C. (c) OSE 137 cells expressing pRb siRNA at passage 2. (d) OSE 137 cells immortalized after the introduction of pRb siRNA and the ectopic expression of hTERT . (e) Growth curves for OSE 137 cells and their derivatives. pRb ¼ retinoblastoma; siRNA ¼ small interfering RNA. (g, h) Growth curves of immortalized OSE103, OSE151 cells, compared with parental, U6 vector control, and pRb siRNAinfected cells. All cells were split in a 1:3 ratio (33.33%, passage 1) when they reached 85% confluence in average. In this way, one passage is approximately equal to 1.3 population doublings (PD), which was calculated by the method reported in the literature (Hayflick, 1973) . (small capital letters are loop, small italic letters are EcoRI compatible sites, while big italic bold letters serve as the U6 transcription terminator) were annealed and inserted in ApaI and EcoRI sites using the previously reported method Hu et al., 2005) . The doublestranded RNA is produced under the control of the U6 promoter and targets the translational region of pRb mRNA at 242-263 nucleotides. (b) Western blots of pRb expression in MCF-7 parental-, U6 control-, and pRb siRNA-expressing cells. Cells were infected and protein samples prepared as described elsewhere Yang et al., 2004) . The primary antibody against pRb (G3-245, 1:2000 dilution) was from BD Pharmingen (San Diego, CA, USA), and the secondary antibody against mouse IgG (RPN4201) conjugated with horseradish peroxidase was from Amersham Biosciences (Piscataway, NJ, USA). Electrochemiluminescence reagents used for development were from Amersham Pharmacia (Piscataway, NJ, USA). Quantitative analysis of protein was performed using ImageQuant version 5.1 (Molecular Dynamics).
( Figure 3c and d) . Further confirmation by Western blotting was performed with antibodies against vimentin or specific cytokeratins 8/18 (Figure 3e ). We next characterized the cells by measuring telomerase activity (with the telomeric repeat amplification protocol (TRAP)) and telomere length (with Southern blotting of genomic DNA hybridized with the digoxigeninlabeled telomere probe TAGGG). Telomerase activity in the hTERT-introduced cells was much higher than that in the parental cells (Figure 3f) , and the telomeres remained elongated (Figure 3g ) at passage 50. In quantification, the average length of terminal restriction fragments (TRF) was 8.5 kb in immortal cells (T137pRbi P50), and 6.3 kb in parental cells (P2), compared with high DNA (10.2 kb) and low DNA (3.9 kb) controls. On the basis of these findings, we concluded that the cells had been immortalized by the combined expression of pRb siRNA and hTERT.
Cell-cycle distribution was examined by staining the ethanol-fixed cells with propidium iodide and followed by analysis with flow cytometry. As shown in Figure 4a , b, c, and d, the numbers of cells in G 2 /M were much higher with G 0 /G 1 in pRb-silenced cells and the cells expressing both pRb siRNA and hTERT, compared with the parental cells. These findings demonstrate that the cell cycle could be effectively dysregulated by the introduction of pRb siRNA and by the subsequent overexpression of hTERT. To understand how the silencing of pRb and the introduction of hTERT alter cell cycling, we investigated the expression profile of cell-cycle regulatory proteins p15, p16
kip , p53, cdk2, cyclin D1 and cyclin E. These proteins are usually involved in cell transition control either from G 0 /G 1 to S or from S to G 2 /M, and are also associated with pRb signal pathways. Levels of p53, cdk2 and cyclin E were increased after pRb was silenced; p15 and p16 INK4a were remarkably decreased after introduction of pRb siRNA but returned almost to the parental-cell levels after the pRb-silenced cells were immortalized by hTERT (Figure 4e ). p21
Waf1/Cip1 protein was increased in g-irradiated parental cells and in cells expressing pRb siRNA but was decreased in the immortalized cells after irradiation. p27 kip and cyclin D1 expression did not change in an experimental condition (Figure 4e) . Compared with the parental cells, the immortal cells did not have proper response in expressions of p53, pRb, p16
INK4a
, cdk2 and cyclin E toward g-irradiation, indicating that the immortal cells are deficient in DNA-damage repair, a pivotal character often present in preneoplastic cells.
We tested the ability to grow on soft agar and tumorigenicity in nude mice of the immortalized cells and compared the results with those from cell line T29H, which had been transformed previously with SV40 T/t, hTERT and H-ras V12 Yang et al., 2004) . No significant colonies formed in the colony formation assay on soft agar within 31 days, and no tumors developed in the subcutaneously injected mice within 230 days. We repeated the assays twice and obtained the same results (Figure 5a and b) . Finally, we analysed karyotypes of T137pRbi cells (Figure 5c) , and compared the chromosome abnormality between T137pRbi cells and T29 cells that were immortalized by SV40 T/t antigens and hTERT (Table 1) . The results showed that the normal diploid cells were 88.2% in T137pRbi, but only 27.5% in T29; while both cells with aberrations and fusions were 0% in T137pRbi, but 30 and 5% in T29 cells, respectively, demonstrating that these newly immortalized cells are genetically stable compared with those immortalized with SV40 T/t antigen and hTERT.
Normal human epithelial cells isolated from different organs have most often been immortalized by either introducing human papillomavirus oncogene E6/E7 or coexpressing SV40 T/t antigens and hTERT (Gao et al., 2001; Baege et al., 2002; Chun et al., 2002; Lundberg et al., 2002; Davies et al., 2003; Kusakari et al., 2003; Liu et al., 2004) . However, the viral proteins can simultaneously inhibit multiple protein signaling pathways by binding to and inactivating cell-cycle regulatory proteins such as p53, pRb, p16
, protein phosphatase 2A and p300 (Duensing and Munger, 2002; Davies et al., 2003) , which leads to high genetic instability in the immortalized cells (Bernues et al., 1991; Ouellette et al., 2000; Duensing and Munger, 2002; Iftner et al., 2002; Plug-Demaggio and McDougall, 2002; Davies et al., 2003; Liu et al., 2004) . In contrast, our immortal cell line (T137pRbi) showed that little genetic instability had been induced by the disruption of pRb pathway and ectopic expression of hTERT (Table 1) . Our findings of changes in the expression of p15, p16
, p21
Waf1/Cip1 , p53, cdk 2 and cyclin E are consistent with disruption of the pRb signal pathway and overexpression of hTERT, as has been documented in several reports (Jarrard et al., 1999; Kusume et al., 1999; Sage et al., 2000; McDougall, 2001; Xiang et al., 2002; Takebayashi et al., 2003; D'Andrilli et al., 2004; Noble et al., 2004) . Interestingly, OSE137 parental cells displayed a strong response toward DNA damage signals induced by irradiation in terms of changes of p53, pRb, p16 ink4a , cdk2, cyclin D1 and cyclin E (Figure 4e ), while the cells expressing pRb siRNA or the immortalized cells lost their responses to g-irradiation, which suggests that silencing pRb and introducing hTERT blunted the response to the DNA damage repair machinery, which thereby makes that the immortal cells are susceptible for additional damage or mutational changes. However, these immortal cells were nontumorigenic in nude mice, suggesting that the introduced genetic elements are not sufficient to transform the primary cells, and additional genetic changes are needed to induce the transformation. As both Rb and hTERT pathways are commonly dysregulated in ovarian cancer, these immortal cells represent an authentic viral protein free in vitro model for studying ovarian cancer initiation and progression.
Abbreviations hTERT, human telomerase reverse transcriptase; pRb, retinoblastoma protein; TRAP, telomeric repeat amplification protocol.
